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Chronic heart failure often results in catabolic muscle
wasting, exercise intolerance, and death. Oxidative
muscles, which have greater expression of the meta-
bolic master gene peroxisome proliferator–activated
receptor-� coactivator-1� (PGC-1�) and its target
genes, are more resistant to catabolic wasting than are
glycolytic muscles; however, the underlying mecha-
nism is unknown. To determine the functional role of
PGC-1� in oxidative phenotype–associated protec-
tion, skeletal muscle–specific PGC-1� transgenic mice
were crossbred with cardiac-specific calsequestrin
transgenic mice, a genetic model of chronic heart
failure. PGC-1� overexpression in glycolytic muscles
significantly attenuated catabolic muscle wasting in-
duced by chronic heart failure. In addition to inacti-
vation of forkhead transcription factor signaling
through enhanced Akt/protein kinase B expression,
in glycolytic muscles, PGC-1� overexpression led to
enhanced expression of inducible nitric oxide syn-
thase and endothelial nitric oxide synthase, produc-
tion of nitric oxide, and expression of antioxidant
enzyme including superoxide dismutases (SOD1,
SOD2, and SOD3) and catalase, and reduced oxidative
stress. These findings suggest that PGC-1� protects mus-
cle from catabolic wasting in chronic heart failure
through enhanced nitric oxide antioxidant defenses
and inhibition of the forkhead transcription factor sig-
naling pathways. (Am J Pathol 2011, 178:1738–1748; DOI:

10.1016/j.ajpath.2011.01.005)

Chronic heart failure (CHF) is a major cause of death,
affecting more than two million persons in the United

States annually.1 CHF often leads to skeletal muscle

1738
wasting, or cardiac cachexia, characterized by muscle
atrophy and reduced endurance, strength, and power as
a result of abnormalities in skeletal muscles.2– 4 Pa-
tients with CHF often exhibit the clinical symptom of
exercise intolerance, manifested as early activation of
the glycolytic pathways and fatigue during work. The
symptom of exercise intolerance is strongly correlated
with death.2,3 The underlying pathophysiologic mech-
anisms are poorly understood, hindering ability to de-
velop effective therapies.

Increased production of reactive oxygen species
(ROS)5–7 and reduced antioxidant gene expression8

have been functionally linked to muscle catabolism. ROS
activates proteasome-dependent protein degradation
by activating expression of muscle-specific E3 ligases,
muscle atrophy F-box protein (MAFbx/atrogin-1), and
muscle ring-finger protein 1 (MuRF1).9 ROS also
causes muscle atrophy through activation of the au-
tophagy-lysosome pathway.10,11 Activation of these
degradation processes is mediated through the p38
mitogen-activated protein kinase signaling pathway.12

These studies demonstrate the importance of ROS in
catabolic muscle wasting.

The resistance to catabolic muscle wasting of oxi-
dative muscles, rich in type I and/or type IIa myosin
heavy-chain protein, mitochondria, and capillaries,13–18

provides an excellent opportunity to decipher the mech-
anism underlying the “built-in” defenses. Overexpression
of calsequestrin (CSQ) under control of the �-myosin
heavy-chain promoter in transgenic mice leads to severe
cardiac hypertrophy and eventually to CHF as a result of
impairment of physiologic Ca2� regulation and �-adren-
ergic receptor signaling.19,20 Using this genetic model of
CHF, evidence was recently obtained to support the ox-
idative phenotype-associated protection as at least partly
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due to the presence and function of inducible antioxidant
defenses.17 In response to cachectic stimuli, oxidative
muscles demonstrated significantly less oxidative
stress and more increased inducible nitric oxide syn-
thase (iNOS) expression, nitric oxide (NO) production,
and NO-dependent antioxidant gene expression.17,21

These findings suggest that NO-dependent antioxidant
defenses in skeletal muscle are involved in protecting
oxidative myofibers from cachexia. However, the reg-
ulatory factor or factors that control the built-in antiox-
idant defenses remains to be determined, which is the
focus of the present study.

Several lines of evidence support a role of peroxisome
proliferator–activated receptor-� coactivator-1� (PGC-
1�) in maintaining skeletal muscle oxidative phenotype
and in protection against oxidative stress. First, oxida-
tive muscles demonstrate significantly more PGC-1�
expression and less oxidative stress in response to
cachectic stimuli than do glycolytic muscles, primarily
composed of type IId/x and type IIb myofibers.21 Sec-
ond, skeletal muscle catabolic wasting is associated
with decreased PGC-1� expression in atrophying gly-
colytic myofibers.17 Third, endurance exercise train-
ing, known to promote oxidative phenotype, stimulates
PGC-1� expression in skeletal muscle,22,23 and over-
expression of PGC-1� promotes oxidative phenotype24

and prevents denervation- or fasting-induced muscle
atrophy through suppression of FOXO3 signaling and
atrogene transcription.25 What is not known is whether
PGC-1� protects against CHF-induced muscle wasting
and whether similar and additional mechanisms under-
lie the protection.

In the present study, it was hypothesized that PGC-1�
has a critical role in protection against CHF through reg-
ulation of the Akt/protein kinase B–forkhead transcription
factor (FOXO) signaling and/or the NO-dependent anti-
oxidant defenses. To test this hypothesis, skeletal mus-
cle–specific PGC-1� and cardiac muscle–specific CSQ
was generated in double-transgenic mice (PGC-1� �
CSQ) by crossbreeding. Consistent with this hypothesis,
muscle-specific overexpression of PGC-1� significantly
attenuated muscle atrophy induced by CHF in CSQ mice.
In addition to enhanced Akt expression and inactivation
of FOXO3a, overexpression of PGC-1� resulted in en-
hanced iNOS and endothelial nitric oxide synthase
(eNOS) expression and NO production, and profound
enhancement of antioxidant gene expression and reduc-
tion of oxidative stress in glycolytic muscles. These find-
ings provide novel insights into how oxidative myofibers
are protected from cardiac cachexia and highlight the
importance of PGC-1� in NO-dependent antioxidant de-
fense in skeletal muscle.

Materials and Methods

Experimental Animals

Transgenic mice (DBA) with cardiac-specific overexpres-
sion of CSQ under the promoter of �-myosin heavy

chain19,20 were crossbred with transgenic mice (C57BL/6)
with muscle-specific overexpression of PGC-1� under the
promoter of muscle creatine kinase.24 Single- and dou-
ble-transgenic mice and their wild-type littermates were
housed in temperature-controlled quarters (21°C) with
12-hour light-dark cycles, with free access to water and a
normal chow diet (Purina Mills, Inc., Richmond, IN). The
CSQ breeder mice were treated with the �-blocker meto-
prolol (350 mg/kg of body weight per day in drinking
water) before and during breeding, as previously de-
scribed.26 At 8 weeks, when CSQ mice normally devel-
oped cachexia,17,20 all of the mice were humanely eutha-
nized using isoflurane-induced anesthesia and cervical
dislocation, and muscles were harvested for analysis. All
animal protocols were approved by the Duke University
Institutional Animal Care and Use Committee.

Genotyping

Mouse genomic DNA was isolated from tail tissue using a
phenol-chloroform–based DNA extraction protocol for
PCR with primers for the CSQ allele, 5=-CTCTGACA-
GAGAAGCAGGCACTTTAC-3= and 5=-GATGAACAGGT-
GTGTTCTCTTCAT-3=, and the Pgc-1� allele, 5=-GCAG-
GATCACATAGGCAG GATGTGGCC-3= and 5=-GGA-
AGATCTGGGCAAAGAGGCTGGTCC-3=. The PCR reac-
tion for the CSQ allele was initial denaturation at 96°C for
4 minutes, 36 cycles of denaturation at 96°C for 30 sec-
onds, annealing at 60°C for 30 seconds, extension at
72°C for 45 seconds, and a final extension at 72°C for 7
minutes. The PCR reaction for the Pgc-1� allele was
initial denaturation at 96°C for 4 minutes, 30 cycles of
denaturation at 96°C for 30 seconds, annealing at 60°C
for 30 seconds, extension at 72°C for 45 seconds, and
a final extension at 72°C for 7 minutes. The PCR prod-
ucts were resolved using electrophoresis followed by
image acquisition.

Real-Time PCR

Total RNA was extracted from gastrocnemius muscle
using Trizol reagent (Invitrogen Corp, Carlsbad, CA), and
was reverse-transcribed into cDNA. Real-time PCR was
performed using a sequence detection system (ABI
Prism 7000; Applied Biosystems, Inc, Foster City, CA)
with an initial hold of 50°C for 2 minutes, then 95°C for 10
minutes, followed by cyclic reactions of 95°C for 15 sec-
onds and 60°C for 1 minute. The reagents used in real-
time PCR including primers, probes, and TaqMan PCR
Universal Master Mix (all purchased from Applied Biosys-
tems, Inc) were Pgc-1� (Mm00447183_m1), Pgc-1�
(Mm00504720_m1), estrogen-related receptor-� (Esrra;
Mm00433143_m1), vascular endothelial growth factor
(Vegf; Mm00437306_m1), nuclear respiratory factor-1 (Nrf1;
Mm00447996_m1), Nrsf2 (Gabpa; Mm00484598_m1), NADH
dehydrogenase (ubiquinone) Fe-S protein 1 (Ndufs1;
Mm00523631_m1), MAFbx/Atrogin1 (Mm00499518_m1),
Murf1 (Mm00491305_m1), neuronal NOS (nNOS;
Mm00435175_m1), iNOS (Mm00440485_m1), and
eNOS (Mm00435217_m1). The cycle threshold was de-

termined using the supplied software, and standard
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curves were constructed for quantification. 18S rRNA
was used as reference.

Semiquantitative RT-PCR

Because of technical difficulties in using the SOD3 prim-
ers in real-time PCR, semiquantitative RT-PCR was per-
formed for SOD3 mRNA. The primer sequences were
5=-TCTTCCTGTCCCCATAGCAC-3= and 5=-AAGCCACA-
CACATGCACATT-3=. The PCR reaction was initial dena-
turation at 94°C for 3 minutes, 27 cycles of denaturation
at 94°C for 30 seconds, annealing at 60°C for 30 sec-
onds, extension at 72°C for 45 seconds, and a final ex-
tension at 72°C for 8 minutes. The PCR products were
resolved using electrophoresis on 1% agarose gel con-
taining 1 mg/mL of ethidium bromide followed by image
acquisition under UV light. Quantification of the PCR
products was performed using commercially available
software (Scion Image; Scion Corp, Frederick, MD). Re-
sults were normalized using 18S rRNA, and are given as
fold change to wild-type mice.

Immunoblot Analysis

Skeletal muscle sample preparation for immunoblot anal-
ysis has been described previously.17 Antibodies used
for immunoblot analysis were PGC-1� (ab3242; Millipore
Corp, Temecula, CA), cytochrome oxidase IV (ab14744;
Novus Biologicals, Inc, Littleton, CO), ß-actin (sc-81178;
Santa Cruz Biotechnology, Inc, Santa Cruz, CA), SOD1
(ab16831; Novus Biologicals, Inc), SOD2 (SOD-111;
Assay Designs, Ann Arbor, MI), SOD3 (AF4817; R&D
Systems, Inc, Minneapolis, MN), catalase (ab15834;
Novus Biologicals, Inc); and phospho-Akt (9271), total
Akt (9272), phospho-FOXO1/3a (9464), and total
FOXO3a (9467) (all four from Cell Signaling Technol-
ogy, Inc, Beverly, MA). Quantification of the proteins
was performed using software (Scion Image; Scion
Corp).

Protein Carbonylation Assay

To determine oxidative stress in skeletal muscle, protein
carbonyl levels were determined in plantaris muscle lysates
using the Millipore OxyBlot Protein Oxidation Detection Kit
(S7150; Serologicals Corp, Norcross, GA). In brief, 40 �g of
muscle lysate was resolved using 10% SDS-PAGE and
transferred to nitrocellulose membrane (162-0097; BioRad
Laboratories, Inc, Hercules, CA), followed by 1 hour of
blocking with 5% milk in 1� PBS with Tween 20. The mem-
brane was then washed twice with 1� PBS with Tween 20
for 5 minutes each time, and incubated with 1 � 2,4-dini-
trophenylhydrazine (DNPH) for 15 minutes on a shaker. This
was followed by washes with water for 1 minute. The mem-
brane was treated with neutralization solution and incu-
bated for 5 minutes. Subsequent incubations with primary
and secondary antibodies were performed using Western
blotting on an imaging system (Odyssey; LI-COR Biosci-

ences, Lincoln, NE).
Nitrite Assay

Nitrite was assessed using the Griess Reagent System
(G-7921; Molecular Probes, Inc, Eugene, OR). In brief, 30
mg of frozen gastrocnemius muscle powder was homog-
enized in 300 �L of lysis buffer (20 mmol/L Tris base, 200
mmol/L NaCl, 2 mmol/L EDTA disodium salt, 0.02% Triton
X-100, pH7.5) in a Wheaton glass-on-glass homogenizer,
and the homogenate was centrifuged at 16,000 � g for 5
minutes at 4°C. The protein concentration of the super-
natants was determined using the RC DC protein assay
(BioRad Laboratories, Inc). The amount of nitrite in each
sample was then determined using the Griess Reagent
System according to the manufacturer’s instructions. Ni-
trite concentration was calculated after normalization by
total protein.

Determination of Skeletal Muscle Fiber Size

Fiber type analysis was determined at immunofluores-
cence staining for myosin heavy-chain proteins in gas-
trocnemius muscles as described previously.27 After im-
munohistochemical staining, the size of type I fibers
(rhodamine Red-X–labeled), type IIa fibers (cyanine Cy5–
labeled), and type IIb fibers (fluorescein-labeled) were
measured for gastrocnemius muscle using software
(Scion Image; Scion Corp), and presented as pixels per
fiber. To ensure consistent analysis, the region of gas-
trocnemius muscle section with the presence of all fiber
types was chosen, that is, the deep region of the muscle.
On average, 105 fibers (range, 83–115) for each fiber
type per section were measured to calculate the mean
fiber size for each genotype.

Statistical Analysis

Data are given as mean (SE). Comparisons of various
treatments were analyzed for statistical significance us-
ing two-way analysis of variance followed by the Student-
Newman-Kuels test, with P � 0.05 considered statistically
significant.

Results

Skeletal Muscle–Specific Overexpression of
PGC-1� Improves Cardiac Cachexia Without
Affecting Development of CHF

Because oxidative myofibers are resistant to muscle
atrophy,13–18 and PGC-1� overexpression promotes forma-
tion of oxidative myofibers,24 it was speculated that glyco-
lytic skeletal muscles with PGC-1� overexpression would
become resistant to CHF-induced muscle wasting. When
MCK-PGC-1� mice were crossbred with �-MHC-CSQ
mice,17,19,26 PGC-1� transgenic mice, whether in the
CSQ background or not, demonstrated a six- to sev-
enfold increase in PGC-1� and cytochrome oxidase IV
protein expression in glycolytic white vastus lateralis

muscle (Figure 1, A and B). PGC-1� transgenic mice
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also exhibited a three- to fivefold increase in Pgc-1�

mRNA expression in gastrocnemius muscle (Figure
1C). Consistent with previous findings,28 mRNA levels
of Esrra, Nrf2/Gabpa, Ndufs-1, and Vegf were in-
creased two- to fourfold in gastrocnemius muscle of
PGC-1� transgenic mice (Figure 1C). The transcription
of Pgc-1�, a coactivator in the same family as PGC-1�,
was not significantly increased in PGC-1� transgenic
mice (Figure 1C).

First measured was wet weight of various organs,
and the data were normalized against tibia length to
minimize the effect fluctuation of body weight due to
the disease condition. CSQ mice developed severe
cardiac hypertrophy with a profound increase (2.2-
fold; P � 0.001) in biventricular heart weight (Figure
1D), and cardiac cachexia as indicated by loss of body
weight (�39%; P � 0.001) and liver weight (�45%; P �
0.001) (Figure 1, E and F). The observed loss in body
weight occurred after 4 weeks because significant dif-

Figure 1. Muscle-specific overexpression of PGC-1� improves cardiac cache
and CSQ � PGC-1� double-transgenic mice (CSQ � PGC-1�) were euthaniz
images of immunoblots for PGC-1� and COX IV proteins in glycolytic white v
as loading control. B: Quantification of PGC-1� and COX IV protein expres
Nrf1, Nrf2, and Ndufs1 at real-time PCR using 18S ribosomal RNA as control o
liver, and lung weights, respectively, of WT and PGC-1� mice with and with
(SE) *P � 0.05. ***P � 0.001. Con, control group of mice not in the CSQ ba
ferences in body weight were not detected at 4 weeks
(data not shown). The lung weight in CSQ mice was
similar to that observed in wild-type mice (Figure 1F)
despite the loss of whole body weight and other organ
weight such as liver (Figure 1F) and skeletal muscles
(Table 1), which suggests a relative increase in lung
weight due to impaired cardiac function. Overexpres-
sion of PGC-1� in skeletal muscle alone did not signif-
icantly change any of these parameters; however, al-
though overexpression of PGC-1� in skeletal muscles
in CSQ background did not have a significant effect on
cardiac hypertrophy (Figure 1D) and heart failure (in-
dicated by lung weight) (Figure 1G), it led to signifi-
cantly attenuated body weight loss, from 39% in CSQ
mice to 27% in CSQ � PGC-1� double-transgenic
mice (P � 0.05) (Figure 1G). This protection seems to
be specific to skeletal muscle because the reduction in
liver weight was not significantly affected (Figure 1F),
consistent with a protective function of PGC-1� expres-
sion in skeletal muscle. Taken together, muscle spe-

rmate wild-type mice, MCK-PGC-1� (PGC-1�), �-MHC-calsequestrin (CSQ),
e 8 weeks for various tissue harvesting and measurement. A: Representative
ralis muscles from wild-type (WT) and PGC-1� transgenic mice using �-actin

� 5 to 8). C: Analysis of mRNA expression for PGC-1�, Pgc-1b, Esrra, Vegf,
uantity and quality in gastrocnemius muscle (n � 4 to 6). D–G: Heart, body,
diac-specific overexpression of CSQ (n � 6 or 7). Values are given as mean
d.
xia. Litte
ed at ag
astus late
sion (n
f RNA q
cific overexpression of PGC-1� significantly attenuates
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cardiac cachexia with no significant influences on de-
velopment of CHF in CSQ mice.

Skeletal Muscle–Specific Overexpression of
PGC-1� Significantly Reduces CHF-Induced
Muscle Atrophy

To determine whether PGC-1� overexpression renders
resistance to CHF-induced muscle wasting, muscle mass
was measured for soleus, plantaris, gastrocnemius, tibialis
anterior, and extensor digitorum longus muscles in all
four genetic backgrounds. Again, to minimize the effect
of the reduction of body weight on the analysis, muscle
weight was normalized against tibia length. CHF led to
significant loss of muscle mass in the soleus (�38%; P �
0.01), plantaris (�52%; P � 0.001), gastrocnemius
(�52%; P � 0.001), tibialis anterior (�48%; P � 0.001),
and extensor digitorum longus (�41%) muscles com-
pared with that in wild-type mice (Table 1). Moreover, the
loss of muscle mass in these muscles was significantly
attenuated by PGC-1� overexpression (Table 1). Specif-
ically, compared with PGC-1� transgenic mice, loss of
muscle mass in CSQ � PGC-1� double-transgenic mice
was reduced to 22% for the soleus (P � 0.05), 36% for
the plantaris (P � 0.05), 36% for the gastrocnemius (P �
0.05), 32% for the tibialis anterior (P � 0.05), and 25% for
the extensor digitorum longus (P � 0.05) muscles. To
determine whether PGC-1�–mediated protection de-
pends on the fiber type specification, immunofluores-
cence-based fiber type analysis was performed in gas-
trocnemius muscle (Figure 2A). CHF resulted in
significant reduction of types I (�28%; P � 0.01), IIa
(�28%; P � 0.001), and IIb (�52%; P � 0.001) myo-

Table 1. Skeletal Muscle–Specific Expression of PGC-1� Attenua

Muscle Wild type (n � 6) P

Soleus
mg 4.54 (0.17)
mg/mm 0.29 (0.01)
mg/g 0.24 (0.01)

Plantaris
mg 10.64 (0.40)
mg/mm 0.67 (0.02)
mg/g 0.57 (0.01)

Gastrocnemius
mg 78.5 (3.8)
mg/mm 4.97 (0.16)
mg/g 4.17 (0.09)

Tibialis anterior
mg 30.8 (1.3)
mg/mm 1.95 (0.06)
mg/g 1.64 (0.03)

Extensor digitorum longus
mg 5.90 (0.19)
mg/mm 0.37 (0.01)
mg/g 0.31 (0.01)

PGC-1�, MCK-PGC-1� transgenic; CSQ, �-MHC-CSQ transgenic.
Values are given as mean (SE) in absolute muscle weight (mg), norm
*P � 0.05, †P � 0.01, and ‡P� 0.001 for comparison between WT an
§P � 0.05 and ¶P � 0.01 for comparison between PGC-1� and CSQ
fibers (Figure 2, B–D). PGC-1� overexpression alone
resulted in a trend (not statistically significant) of de-
creased fiber size for all three fiber types but com-
pletely blocked the reduction in fiber size induced by
CHF (Figure 2, B–D). These findings suggest that (1)
skeletal muscles rich in oxidative myofibers such as
soleus muscle are more resistant to catabolic wasting
induced by CHF than are skeletal muscles of mixed
fibers or predominantly glycolytic fibers; (2) oxidative
myofibers, specifically types I and IIa fibers, are more
resistant to catabolic wasting than are type IIb fibers;
and (3) enhanced PGC-1� expression renders myofi-
bers resistant to catabolic wasting independent of fiber
type.

PGC-1� Overexpression in Skeletal Muscle Reduces
Oxidative Stress and MAFbx/Atrogen-1 Expression
Induced by CHF

Because ROS is an important mediator in muscle atro-
phy,5–7 whether the protection by PGC-1� overexpres-
sion is associated with reduced oxidative stress was
tested by assessing the level of protein carbonyla-
tion.21 As expected, there was a significant increase in
protein carbonylation in plantaris muscle (with mixed
muscle fibers) in CSQ mice compared with their wild-
type littermates (P � 0.01) (Figure 2, E and F). The
increased protein carbonylation was significantly at-
tenuated by PGC-1� overexpression (P � 0.05) (Figure
2, E and F). Consistent with the notion that ROS acti-
vates the proteasome-dependent protein degradation,
it was observed that muscle-specific E3 ligases,
MAFbx/Atrogin-1 mRNA was increased by 21-fold (P �

F-Induced Atrophy in Glycolytic Muscle

Genotype

(n � 7) CSQ (n � 6) CSQ � PGC-1� (n � 6)

(0.42) 2.69 (0.40)† 4.07 (0.25)*§

(0.02) 0.18 (0.02)† 0.25 (0.01)*§

(0.02) 0.26 (0.02) 0.27 (0.02)

(0.66) 4.71 (0.79)‡ 7.47 (0.71)‡§

(0.04) 0.32 (0.04)‡ 0.46 (0.03)‡§

(0.02) 0.45 (0.03)‡ 0.49 (0.02)*

(2.9) 35.7 (6.7)‡ 54.9 (6.5)‡§

(0.15) 2.41 (0.31)‡ 3.41 (0.28)‡§

(0.06) 3.43 (0.24)† 3.69 (0.16)*

(0.9) 15.1 (2.0)‡ 23.5 (1.9)†¶

(0.04) 1.02 (0.10)‡ 1.47 (0.08)†¶

(0.04) 1.47 (0.07)* 1.61 (0.05)

(0.27) 3.23 (0.54)‡ 4.81 (0.46)†§

(0.01) 0.22 (0.02)‡ 0.30 (0.03)†§

(0.01) 0.30 (0.02) 0.32 (0.01)

uscle weight by tibia length (mg/mm), and body weight (mg/g).
or between PGC-1� and CSQ � PGC-1� groups.
-1� groups.
tes CH

GC-1�

5.19
0.32
0.25

11.82
0.72
0.57

86.8
5.29
4.23

35.5
2.16
1.73

6.53
0.40
0.32

alized m
0.05) in CSQ transgenic mice compared with wild-type
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mice, with a trend toward increased Murf1 mRNA (Fig-
ure 2G). Induction of MAFbx/atrogin-1 mRNA was at-
tenuated by overexpression of PGC-1� in skeletal mus-

Figure 2. Muscle-specific overexpression of PGC-1� attenuates catabolic m
fiber size in gastrocnemius muscle sections immunostained for myosin heav
data of fiber size of various fiber types. Mean (SE) values of fiber size for each
for each fiber type for each mouse. E: Analysis of protein carbonylation i
staining and �-actin as loading controls. F: Quantification of protein c
MAFbx/Atrogin-1 and Murf1 in gastrocnemius muscle at real-time PCR using
(SE) (n � 4 to 6). *P � 0.05. **P � 0.01. ***P � 0.001. Con, control group o
cles (Figure 2G). Taken together, muscle-specific
overexpression of PGC-1� significantly attenuates
muscle atrophy induced by CHF along with reduced
oxidative stress and MAFbx/atrogen-1 E3 ligase mRNA

asting induced by chronic heart failure. A: Immunofluorescence analysis for
I (red), IIa (blue), and IIb (green). Scale bar � 500 �m. B–D: Quantitative

of mice was calculated from muscle sections of 4 to 8 mice with 20 myofibers
ris muscle as an indication of the level of oxidative stress with ponceau
ation in plantaris muscle (n � 3). G: Analysis of mRNA expression for
somal RNA as control of RNA quantity and quality. Values are given as mean
not in the CSQ background; WT, wild type.
uscle w
y chains
group

n planta
arbonyl
expression.
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Enzymatic Antioxidant System Is Enhanced by
Muscle-Specific Overexpression of PGC-1�

Recent findings indicate that PGC-1� is a broad and pow-
erful regulator of ROS metabolism because it can induce
many ROS-detoxifying antioxidant enzymes.29–32 How-
ever, the relevance of this regulated antioxidant de-
fense system in skeletal muscle, in particular in CHF-
induced muscle wasting, is unknown. Thus, expression
of a set of key antioxidant enzymes including SOD1
(CuZnSOD), SOD2 (MnSOD), SOD3 (EC-SOD), and cat-
alase was examined in skeletal muscles. The assays
would help determine whether the reduced oxidative
stress was associated with enhanced expression of these

Figure 3. Muscle-specific overexpression of PGC-1� promotes NO and
immunoblots of SOD1, SOD2, SOD3, and catalase (CAT) in white vastus later
of SOD1, SOD2, SOD3, and CAT (n � 4 to 6). C: Nitrite concentrations in ga
and eNOS in gastrocnemius muscle at real-time PCR using 18S ribosomal RNA
of phosphorylated Akt (P-Akt), total Akt, phosphorylated FOXO3, and tot
of P-Akt, Akt, P-FOXO3, and FOXO3 in plantaris muscles (n � 5 to 7). Va
of mice not in the CSQ background; WT, wild type.
antioxidant enzymes. It was observed that protein ex-
pression of SOD1, SOD2, SOD3, and catalase increased
by 1.4-fold (P � 0.001), 3.2-fold (P � 0.001), 1.7-fold (P �
0.05), and 4.3-fold (P � 0.01), respectively, in glycolytic
white vastus lateralis muscle with or without CHF (Figure
3,A and B). These findings indicate the possibility that
PGC-1�–induced antioxidant enzyme expression in
skeletal muscle provides protection against catabolic
muscle wasting induced by CHF.

NOS Expression and NO Production Are Enhanced
by Muscle-Specific Overexpression of PGC-1�

Recent findings indicate that NO promotes antioxidant

ant enzyme expression and inhibits FOXO signaling. A: Representative
cles using �-actin as loading control. B: Quantification of protein expression
mius muscles (n � 3 to 7). D: Analysis of mRNA expression of nNOS, iNOS,
rol of RNA quantity and quality (n � 4 to 6). E: Representative immunoblots
3 in plantaris muscles using �-actin as loading control. F: Quantification
given as mean (SE). *P � 0.05. **P � 0.01. ***P � 0.001. Con, control group
antioxid
alis mus
strocne
as cont

al FOXO
enzyme expression under cachectic conditions and is
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sufficient to protect glycolytic muscles from catabolic
wasting.21 Thus, it was speculated that the increased
expression of these antioxidant enzymes was due to en-
hanced NO production by PGC-1� overexpression. Ni-
trite, a stable NO metabolite, in gastrocnemius muscle
was significantly (P � 0.01) higher in PGC-1� transgenic
mice than in wild-type mice (Figure 3C). CSQ trans-
genic mice also demonstrated a trend toward in-
creased NO, which persisted in the PGC-1�-CSQ dou-
ble-transgenic mice (Figure 3C). To determine which
isoform of NOS might be responsible for the increased
NO production due to PGC-1� overexpression, mRNA
levels of nNOS, iNOS, and eNOS were measured using
real-time PCR. mRNA levels of iNOS and eNOS were
increased by 3.8-fold (P � 0.01) and 1.6-fold (P �
0.05), respectively, and nNOS mRNA was reduced (P
� 0.05) by PGC-1� overexpression alone in gastroc-
nemius muscle (Figure 3D). CHF induced a 2.2-fold (P
� 0.05) increase in nNOS mRNA and a 2.6-fold (P �
0.001) increase in the double-transgenic background.
These findings support the notion that NO from differ-
ent sources has different functions. Enhanced PGC-1�
expression promotes NO production through en-
hanced iNOS and eNOS expression, whereas CHF pro-
motes NO production through enhanced nNOS expres-
sion.

Enhanced Akt Expression and Suppressed
FOXO Signaling in PGC-1� Transgenic Mice

FOXO activation–mediated transcription of ubiquitin li-
gases has a critical role in muscle wasting,33 and
PGC-1� protects muscle from denervation-induced atro-
phy, possibly by blocking Murf1 E3 ligase transcription
via suppression of the FOXO3 signaling.25 To determine
whether PGC-1� overexpression may also protect mus-
cle from cardiac cachexia through the same mechanism,
the phosphorylation status of FOXO3 was measured.
Compared with wild-type mice, PGC-1� transgenic mice
demonstrated a 1.9-fold increase in phosphorylated
FOXO3 in plantaris muscles, with no significant increases
in total FOXO3 (Figure 3, E and F). The increased FOXO3
phosphorylation was concurrent with increased expres-
sion of Akt, the upstream kinase responsible for FOXO
phosphorylation,33 but not the phosphorylation state of
Akt. These findings are consistent with the notion that
PGC-1� overexpression enhances FOXO phosphoryla-
tion (suppression of the activity) through enhanced Akt
expression.

Discussion

It has long been known that glycolytic muscles are more
vulnerable to catabolic muscle wasting than are oxidative
muscles13–18; however, the underlying mechanism re-
mains unknown. The present study confirms that PGC-1�
overexpression is sufficient to prevent muscles, including
muscles enriched in glycolytic fibers, from atrophy in an
animal model of CHF, which suggests that PGC-1� has a

key role in the oxidative muscle–specific resistance to
catabolic wasting. Moreover, PGC-1� overexpression–
mediated protection in CHF seems to be caused by in-
creased expression of iNOS and eNOS, NO production,
and antioxidant enzyme expression, leading to reduced
oxidative stress in glycolytic muscles, in addition to en-
hanced Akt expression and suppressed FOXO signaling.
These findings provide insights into the functional role of
PGC-1� in skeletal muscle in protection against catabolic
muscle wasting.

Skeletal muscle–specific overexpression of PGC-1� in
the present study promoted transcription of its target
genes functioning in mitochondrial biogenesis, mitochon-
drial respiration, and angiogenesis in skeletal muscle
(Figure 1, A–C) but had no significant effect on develop-
ment of CHF (Figure 1D, F, and G). The findings suggest
that the improved cachectic condition, as demonstrated
by the attenuated loss of body weight (Figure 1E), is not
mediated by improved cardiac function. In light of the
recent finding that cardiac-derived humoral factors are im-
portant in skeletal muscle catabolic wasting in CHF,34,35 the
findings suggest that enhanced PGC-1� expression in skel-
etal muscle exerts a cell-autonomous protection rather than
resulting from improved cardiac function. Exercise training
and increased contractile activity have a profound positive
effect on skeletal muscle in CHF.36–38 Inasmuch as exer-
cise training induces PGC-1� gene expression and met-
abolic adaptations,22,23,39 the benefits of regular exer-
cise in CHF could be mediated, at least in part, by
induced PGC-1� expression. Future research will be nec-
essary to ascertain the functional role of PGC-1� in exer-
cise-induced protection against cardiac cachexia. It
would also be intriguing to know whether improved ca-
chectic condition by PGC-1� overexpression for a longer
time (�8 weeks) would improve cardiac function and/or
reduce mortality.

Skeletal muscle atrophy induced by CHF was clearly
prevalent in glycolytic muscles when muscle weight was
normalized against tibia length (Table 1), which could be
significantly attenuated by overexpression of PGC-1�.
Normalization of muscle weight by body weight signifi-
cantly confounded the analyses because cachexia is
inevitably associated with loss of body weight. Direct
quantitative evidence was obtained that PGC-1� overex-
pression could render myofibers resistant to catabolic
muscle wasting, even including glycolytic type IIb myo-
fibers (Figure 2D). It seems that PGC-1� overexpression
exerts more profound protection in glycolytic fibers than
in oxidative fibers. First, types I and IIa fibers demon-
strated approximately 30% reduction in fiber size in CSQ
mice compared with wild-type littermates (Figure 2, B
and C), in line with body weight reduction (�39%),
whereas type IIb fiber demonstrated approximately 60%
reduction in fiber size; that is, types I and IIa myofibers
did not show preferential loss of mass compared with
body weight. Type IIb fiber is clearly susceptible to CHF-
induced atrophy. However, the absence of size reduction
in types I and IIa fibers could be due to endogenous
(already high) and/or exogenous PGC-1� expression,
whereas the protection observed in type IIb fibers is

clearly due to exogenous PGC-1� expression because
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these fibers demonstrated little PGC-1� expression in
wild-type mice (Figure 1A).

The present findings provide proof-of-principle evi-
dence to support targeting PGC-1� and its downstream
Akt-FOXO signaling and NO-dependent antioxidant de-
fenses in treatment and prevention of catabolic muscle
wasting in CHF (Figure 4). It is possible that the built-in
defenses in oxidative muscle depend on sustained
PGC-1� expression. That endogenous PGC-1� protein
expression does not increase significantly in oxidative
muscles in cardiac cachexia17 suggests that the protec-
tive function of PGC-1� in oxidative muscle is not medi-
ated by induced expression during the catabolic wasting
process. Rather, the finding that PGC-1� overexpression
leads to enhanced expression of iNOS and eNOS in
glycolytic muscles is consistent with the notion that at
least some of the protective functions of PGC-1� may be
mediated by a priming effect on inducing basal level
expression of NO synthases. It remains to be ascertained
whether PGC-1�–induced antioxidant gene expression
depends on iNOS and eNOS, although NO donors are
sufficient to induce antioxidant gene expression in mus-
cle cells both in vitro and in vivo.21

Members of the FOXO family have an important role in
muscle atrophy through control of genes involved in pro-
teasome- and lysosome-dependent proteolysis.40,41 The
upstream kinase Akt inhibits FOXO activity through phos-
phorylation in atrophying muscle.33 Enhanced muscle ex-
pression of insulinlike growth factor 1 inhibits the atrophic
process in models of cardiac cachexia,42,43 and PGC-1�
overexpression is sufficient to attenuate muscle atrophy in-
duced by expression of a constitutively active FOXO trans-
gene.25 In the present study, PGC-1� overexpression did
not lead to Akt activation (increased phosphorylation) but
enhanced Akt expression (increased total Akt) and FOXO3
inactivation (increased phosphorylation). Inasmuch as en-
hanced antioxidant defenses and reduced oxidative stress

Figure 4. Working model of the role of PGC-1� in protecting skeletal
muscle from CHF-induced catabolic muscle wasting. PGC-1� inactivates
FOXO by promoting Akt expression, leading to reduced atrogene expres-
sion. In contrast, PGC-1� promotes expression of antioxidant genes, possibly
through enhanced expression of iNOS and eNOS. The antioxidant defenses
in turn detoxify ROS induced by CHF, leading to less p38 activation and
protein oxidation. These collectively attenuate atrophy or catabolic muscle
wasting.
are not likely due to, but may lead to, inhibition of FOXO
signaling, it was speculated that enhanced NO and antiox-
idant defenses are an upstream or a parallel mechanism
underlying PGC-1� overexpression-mediated protection
against catabolic muscle wasting.

ROS has been considered an important mediator in
muscle atrophy induced by many chronic diseases and
syndromes.5–7 Its cause-and-effect role in muscle atro-
phy is supported by in vitro9,12,44 and in vivo21,44,45 stud-
ies that demonstrated that oxidative stress induced by
oxidant supplement or proinflammatory cytokines leads
to muscle atrophy. The causative effect of ROS is further
strengthened by the finding that ROS scavengers or en-
hanced antioxidant genes attenuate muscle atro-
phy.21,46,47 In the present study, it was observed that
CHF induced a significant increase in oxidative stress in
glycolytic muscle, as indicated by the results of the car-
bonylation assay, and PGC-1� overexpression signifi-
cantly reduced indices of oxidative stress (Figure 2E).
Therefore, one of the important functions of PGC-1�
might be promotion of antioxidant defenses in skeletal
muscle in counteracting oxidative stress induced by var-
ious cachectic conditions.

ROS-detoxifying antioxidant enzymes have different
functional localizations, with SOD2 in mitochondrial ma-
trix, catalase in peroxisome, SOD3 in extracellular space,
and SOD1 globally distributed in the cell. The different
localizations of the antioxidant enzymes are likely related
to their distinct ROS scavenging function. PGC-1� over-
expression enhanced expression of all four antioxidant
enzymes (Figure 3, A and B), consistent with its profound
function against catabolic muscle wasting. This finding is
consistent with previous studies that have linked overex-
pression of PGC-1� to suppression of oxidative stress in
neural cells by promoting antioxidant gene transcrip-
tions.48 More recently, PGC-1� has been shown to have
an important role in regulating expression of myocardial
mitochondrial antioxidants SOD2 and thioredoxin-2 and
in protecting hearts against transverse aortic constric-
tion-induced myocardial oxidative stress, hypertrophy,
and dysfunction.31 Moreover, endurance exercise train-
ing, which promotes PGC-1� activity and expression,
improves whole body peak oxygen consumption along
with enhanced antioxidant gene expression in skeletal
muscle in patients with CHF.8,49 These findings collec-
tively support the view that PGC-1� has an important
function in protecting skeletal muscle from catabolic
wasting by promoting antioxidant enzyme expression.

Previous findings suggest that enhanced NO signal-
ing, specifically from iNOS, may protect muscle from
atrophy.21 The underlying mechanism could be that NO
promotes antioxidant gene expression through enhanced
transcription of antioxidant response elements containing
antioxidant genes.21 In the present study, nNOS was
induced by CHF but not by PGC-1� overexpression, and
iNOS and eNOS were induced by PGC-1� but not by
CHF. These findings suggest that NO from different
sources has distinct functions in catabolic muscle wast-
ing. Although total NO production could only be estimated
by measuring nitrite content, based on the apparent phe-
notypes associated with the four genetic backgrounds, it

was speculated that CHF promotes NO production from
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nNOS, which is detrimental to development of catabolic
muscle wasting, as has been reported in other muscular
diseases.26,50 However, PGC-1� may promote NO pro-
duction from iNOS and eNOS, facilitating antioxidant de-
fenses against muscle wasting. The distinct functions of
the NOS isoforms may be related to the subcellular loca-
tions of these enzymes as well.

Overall, the present study provides evidence that
PGC-1� overexpression attenuates CHF-induced muscle
atrophy through enhanced NO-dependent antioxidant
defenses and reduced oxidative stress in addition to
enhanced Akt expression and suppression of FOXO sig-
naling. The findings support the view that PGC-1� has a
key role in fiber type–specific susceptibility to cachectic
muscle wasting. PGC-1� may mediate the protective
function of endurance exercise training and is a potential
target for developing effective therapies for skeletal mus-
cle catabolic wasting induced by many chronic diseases
including CHF.
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